Introduction
Flow injection analysis (FIA) is a useful technology for the automation and the simplification of analysis processes. In recent years, however better analytical techniques for ultra trace elements in environmental, industrial and biological samples have been required. Since Olsen et al. 1 proposed on-line solid-phase extraction (SPE) coupled with FIA, several techniques using SPE, such as ion-exchange resins, chelating resins, and hydrophobic materials, have been applied to the enrichment of analytes and the removal of interfering substances and matrix. 2, 3 For the trace determination of heavy metals, spectrophotometry, fluorometry and flame atomic absorption spectrometry (FAAS) coupled with on-line sample pretreatment methods are very useful and convenient because of easy assembly and hyphenation. For example, Q Sepharose FF (anion-exchange resin) was used to detect hexacyanoferrate(II) with 1,10-phenanthroline and spectrophotometry. 4 The formation of boron complex with 1,8-dihydroxy-3,6-naphthalenesulforic acid and small column packed with Sephadex G-25 gel were used for sensitive determination of boron by fluorescence detection. 5 In addition, simultaneous determination of silicate, phosphate, and arsenate utilizing anion-exchange column (TSK-gel SAX) and heteropoly blue was reported. 6 Flow injection (FI)-spectrophotometry for the speciation of chromium(VI) and chromium(III) using diphenylcarbazide and C18 column was also reported. 7 For lead and cadmium determination, the complex formation with 2-(5-nitro-2-pyridylazo)-5-(N-propyl-N-sulfopropylamino)phenol and FI-ion chromatography systems were used; the detection limits were 4.8 μg L -1 for lead and 1.9 μg L -1 for cadmium. 8 Spectrophotometry gives lower running cost. However, its sensitivity is not sufficient for trace analysis.
To enhance selectivity and sensitivity for metal determination, researchers have proposed FAAS with SPE for trace lead determination in high purity metals: the detection limit of lead by normal FAAS is about 10 μg L -1 . FI-on-line preconcentration and separation of lead using a Pb-selective chromatographic resin (Pb-Spec TM ) were utilized for reducing the risk of contamination from the laboratory environment 9, 10 where lead eluted was simply introduced into the nebulizer. In other FAAS methods, after adsorption of non-charged lead-PDC (pyrrolidine dithiocarbamate) complex on the hydrophobic PTFE material, the complex eluted with isobutyl methyl ketone was introduced into the nebulizer; the sampling rate was 15 h (graphite furnace atomic absorption spectrometry) with a minicolumn packed with Muromac A-1 for the determination of trace cadmium. Nakajima et al. 15 have reported the determination of lead by coprecipitation with iron(III) hydroxide and SPE with Pb-Spec TM utilizing FI-ETAAS. The methods mentioned above were applied to the determination of cadmium and lead in water samples. However, in FI system, such methods lead to continuous reagent consumption and therefore, a large amount of waste generation.
Sequential injection analysis (SIA) proposed by Ruzicka et al. in 1990 has several advantages in the automation and miniaturization of analytical methods. 16 In SIA, small amounts of the sample and reagent zones are sequentially aspirated into the holding coil and therefore, it is possible to reduce considerably the reagent consumption compared with FIA system. On-line sample-pretreatment schemes for trace-level determination of metals by coupling FI and/or SI with ICP-MS 17 and SIA for on-line sample-handling and pretreatment 18 were reviewed. In general, SIA with sample pretreatment is fully automated. The aspirated sample is transferred to the column for the separation and the concentration of the analyte; the retained analyte can be eluted using an adequate eluent.
SIA with bead injection and lab-on-valve (SI-BI-LOV) was proposed for the determination of lead using Sephadex G-25 impregnated by dithizone by ETAAS:
19 the detection limit was 0.3 ng and the sample throughput was 12 h -1 . In that system, the beads were directly propelled into a graphite tube. Long et al. 20 used poly(styrene-divinyl-benzene) beads containing octadecyl moieties (C18-PS/DVB) as reagent carriers. In this SI-BI-LOV system, 1,5-diphenylcarbazide-loaded C18-PS/DVB beads were used for the preconcentration of chromium(VI).
Nowadays, people show great interest in food safety. There are several serious social problems: for example, foods and rice contaminated with agricultural chemicals and heavy metals were widely distributed. Furthermore, it has been reported that heavy metals were leached from some earthen ware pots. It is very important to determine toxic metals at sub-ppb levels for removing anxiety and improving safety. In 2008, the Japanese government announced that cadmium and lead leaching from glassware, ceramic ware, and hollowware into foodstuff should be strictly controlled (the Ministry of Health, Labour, and Welfare Notification No. 416, 2008). There have been only a few reports on the determination of cadmium and lead in ceramic ware leaching solutions by GFAAS so far. 21, 22 Recently, a method has been developed for the determination of lead in a ceramic ware leaching solution by FI on-line preconcentration using Pb-Spec TM and spectrophotometric detection. 23 However, lead was not found in the leaching solutions, because its concentrations were lower than the limit of quantitation.
In this research, we developed an SI-based automated on-line sample pretreatment system coupled to GFAAS (Auto-Pret-GFAAS system) for the determination of trace cadmium and lead leached from ceramic ware. The Auto-Pret-GFAAS system was used as a SPE pretreatment with a handmade minicolumn packed with chelating resin. We discuss the analytical characteristics of the proposed fully automated system that can be useful for cadmium and lead at sub-ppb levels in solutions leached from ceramic ware and tap water.
Experimental

Instrumentation
A polarized Zeeman atomic absorption spectrophotometer (Z-2700, Hitachi High-Technologies, Tokyo) with a pyrolytically coated graphite furnace was used for the detection of cadmium and lead. The operating conditions of GFAAS are shown in Table 1 . Figure 1 shows the diagram of the Auto-pret-GFAAS system used in this work. This system consists of a glass syringe pump with a syringe volume of 12.5 mL (Hamilton PSD/4 pump module), an eight-port selection valve and a Fig. 1 Schematic diagram of the automated pretreatment system for GFAAS (Auto-Pret-GFAAS system). AS, Autosampler arm of GFAAS; GF, graphite furnace; SV, syringe valve; SP, syringe pump; V1, eight-port selection valve; V2, six-way switching valve; MC, minicolumn; HC, holding coil; UW, ultrapure water; E, eluent (3 M nitric acid); C, column conditioner; S1, S2, S3, S4, sample or standard; W, waste.
six-way switching valve (Hamilton). A minicolumn for the preconcentration was prepared by packing 20 mg of chelating resin, NOBIAS CHELATE-PA1 (Hitachi High-Tech Fielding, Tokyo), into a piece of PTFE tubing (i.d. 3 mm). Both ends of the column were plugged with cotton.
The handmade minicolumn containing a chelating resin was set on the six-way switching valve. All protocol for SPE was controlled by home-made software (Visual Basic) installed in a personal computer. A trigger switch was placed next to the graphite furnace. The trigger was turned on by the movement of the autosampler arm of the GFAAS, so that the SI-based SPE system can be synchronized with GFAAS.
Reagents
Ultrapure water obtained by an Elix 3/Milli-Q Element System (Nihon Millipore, Tokyo) was used throughout all experiments. A 0.1 M ammonium acetate solution was prepared by dissolving ammonium acetate (97.0%, analytical grade, Sigma-Aldrich Japan, Tokyo) in water and adjusted to pH 6 with 10% nitric acid. After the pH adjustment, the solution was passed through a column (CHELATE-PA1F, Hitachi High-Tech Fielding) for removing heavy metal impurities. Stock solutions of cadmium and lead (10 mg L -1 ) were prepared by diluting 1000 mg L -1 standard solutions for AAS (Wako Pure Chemical Industries, Osaka) with 0.1 M nitric acid prepared from concentrated nitric acid (60%, ultrapure reagent, Kanto Chemical, Tokyo). Working solutions of cadmium and lead were diluted with 0.1 M ammonium acetate adjusted to pH 6. The eluent was 3 M nitric acid solution prepared from concentrated nitric acid (60%, analytical grade, Sigma-Aldrich Japan, Tokyo). The 4% acetic acid solution to extract cadmium and lead from ceramic ware was prepared from acetic acid (99.7%, analytical grade, Sigma-Aldrich Japan).
Tap water sample
Tap water taken at our laboratory (Aichi Institute of Technology) was filtered through a membrane filter (mixed cellulose ester, 0.45 μm, Advantec, Toyo Roshi Kaisha, Japan). After filtration, 1 mL of it was diluted with 5 mL of 0.2 M ammonium acetate adjusted to pH 6 and 4 mL of water.
Extraction from ceramic ware
Ceramic ware was filled with 4% acetic acid solution and kept in the dark for 24 h. After extraction, the extract was adjusted to pH 6 using ammonia solution (28 -30%, analytical grade, Merck, Germany).
Preconcentration procedure
The protocol for the preconcentration of cadmium and lead is shown in Table 2 . First, column conditioning is carried out: 500 μL of 0.1 M ammonium acetate adjusted to pH 6 is aspirated via the port 3 of V1, and then dispensed through the port 1 of V1. After conditioning the column, 1000 μL of the sample solution is aspirated via the port 4 of V1 (when a 10-mL of sample was introduced, it is aspirated at 500 μL s -1 ), and then dispensed through port 1 of V1 for preconcentration. After the sample is loaded into the column, washing the column is carried out using ultrapure water. Next, 1000 μL of 3 M nitric acid is aspirated into the holding coil and 1000 μL of ultrapure water is aspirated into the syringe. And then the switching valve is turned to another position and 410 μL of the eluent is dispensed through port 1 of V1 for eluting collected sample in the column and transporting eluted sample to the edge of the nozzle. After transportation, the autosampler of GFAAS goes down into the graphite furnace and presses a trigger switch placed next to the furnace. Once the switch is pressed, 50 μL of the eluted sample is introduced into the furnace. And then the column is washed and preconcentration for the next sample is carried out.
Results and Discussion
Auto-pretreatment system coupled to GFAAS
One of the authors (S. M.) 24 developed an automated SI-based on-line preconcentration system with ICP-AES detection (Auto-Pret-AES) for the determination of lead. A lead-selective resin, Analig Pb-01, was packed in a minicolumn and installed into the Auto-Pret-AES system. An Auto-Pret-AES system equipped with a Muromac A-1 packed minicolumn has also been applied to the determination of 13 trace metals in natural water samples. 25 In this study, an Auto-Pret-GFAAS system has been proposed.
Here, the Auto-Pret-GFAAS system equipped with a NOBIAS CHELATE-PA1 minicolumn was automatically controlled by laboratory-built software (Visual Basic) installed in a computer, while the GFAAS including an autosampler arm was operated by built-in-software installed in the same computer. In order to synchronize these two software programs, a trigger switch was employed. As can be seen in Fig. 1 , the autosampler arm presses the trigger, and then immediately the Auto-Pret-GFAAS system introduces a 50-μL standard/sample solution into the graphite furnace. This Auto-Pret-GFAAS system can be attached to any commercially available GFAAS instrument with an autosampler arm.
Optimization study
The optimization of the Auto-Pret-GFAAS system was carried out using 100 ng L -1 of cadmium and 1 μg L -1 of lead. Effect of eluent volume. In the SI-based SPE system, eluent volume is an important parameter for the sensitivity because an eluted sample is dispensed toward the edge of the nozzle by an eluent solution before introduction to the graphite furnace. Too small eluent volume will result in lowered sensitivity because the eluted sample does not reach to the edge. Conversely, too large eluent volume will result in lowered sensitivity because the eluted sample will be discharged to waste before measurement. In this study, the effects of dispensing volume of the eluent with different conditions on absorbance of cadmium and lead were investigated. Firstly, four columns with different inner diameters (i.d.) that ranged from 2 to 5 mm were tested at a constant eluent (nitric acid) concentration of 3 M. The same amount of chelating resin (20 mg each) was packed into each minicolumn, and therefore the lengths of the chelating resin inside 2, 3, 4, and 5 i.d. columns were 18.9, 8.2, 4.6, and 2.9 mm, respectively. The results are shown in Fig. 2 . Columns with 2 and/or 3 mm i.d. gave the highest sensitivities for both analytes. However, a 2-mm i.d. column needed a larger eluent volume to obtain the highest sensitivity, probably because it was hard for both metals to be eluted from the longest column. The column of 5 mm i.d. gave lower sensitivity because of dispersion. In this study, a 3-mm i.d. column was chosen because it gave a faster sample throughput than that of a 2-mm i.d. column. Secondly, the concentration of nitric acid for elution was varied from 1 to 4 M. As can be seen in Fig. 3, 3 and 4 M nitric acid solutions gave the highest sensitivity for both analytes. A 3 M nitric acid was chosen as eluent because higher acid concentration might damage a graphite furnace. Effect of pH. The sample pH value affects adsorption metal ions on chelating resin. Therefore, the effect of pH on the preconcentration for cadmium and lead was studied. The pH values of the sample and column conditioner were adjusted from 3 to 9 by adding 10% nitric acid or 10% ammonia solution to 0.1 M ammonium acetate. The results are shown in Fig. 4 . On the cadmium determination, the absorbance increased with an increase of pH up to 5. At pH above 5, the sensitivity was constant. For the lead determination, the highest sensitivity was obtained at a pH value from 4 to 7, and the absorbance drastically decreased at pH higher than 7. Sakamoto et al. 26 reported similar results for lead with the same chelating resin. The decrease may be due to the formation of lead(II) hydroxide. Consequently the pH values of the sample and column conditioner were adjusted at 6. Effect of other variables. The effect of loading and eluting flow rates were examined in the range of 20 -180 μL s -1 . Both flow rates had no effects on the absorbance. Since a faster flow rate provides short analysis time, a flow rate of 180 μL s -1 was selected for loading and eluting. The injection volume of eluted sample into the graphite furnace was investigated. A 100-μL of injection volume gave higher sensitivity compared to that using 50 μL of injection volume, but the lifetime of the graphite furnace was about 80 times in the case of 100 μL. On the other hand, it was about 230 times when the injection volume was 50 μL. In addition, the time for drying in the GFAAS analysis is 50 s shorter than that of the 100 μL injection volume. Taking into consideration the lifetime of the graphite furnace and analysis time, we chose 50 μL of injection volume into the graphite furnace.
Analytical characteristics
As mentioned above, the detection limits found by Sperling et al. 13 were 0.8 ng L -1 for cadmium and 6.5 ng L -1 for lead with 22 h -1 measurements. In the Muromac A-1 column-FI-GFAAS system, the detection limit for cadmium was 0.2 ng L -1 . 14 Under the optimum conditions for the proposed system, we obtained the analytical characteristics as shown in Table 3 . When a sample volume was 1 mL, the limits of detection (3σ) were 0.20 ng L -1 for cadmium and 2.6 ng L -1 for lead and the limits of quantitation (10σ) for cadmium and lead were 0.66 and 8.8 ng L -1 , respectively. The enrichment factors calculated from the ratio of a slope of the calibration curve with preconcentration to that without preconcentration were 7.98 for cadmium and 7.48 for lead. The sample throughput was about 47 h -1 . When a 10-mL sample was used, the sensitivity was approximate 10 times as high as that using 1 mL of sample. However, the sample throughput was about 21 h -1 because a longer time for preconcentration was required. The lifetime of the minicolumn was quite long. We could use the same column at least 2000 times for measurements. The proposed system has big advantages in sensitivity, rapidity and simplicity.
Interferences
The chelating resin used in this work can separate alkaline and alkali-earth metals from sample solution. But other heavy metals are trapped on the resin. Therefore, the effect of heavy metals on the determination of 100 ng L -1 cadmium and 1 μg L -1 lead were examined. The results are shown in Table 4 . An error of less than 5% was considered to be tolerable on the absorbance. No metals tested interfered with the determination of cadmium and lead.
Application
The proposed method was applied to the determination of cadmium and lead in tap water and in leached solutions from ceramic ware using 4% acetic acid for 24 h at room temperature (dark room). The general procedure is as follows. 27 Evaporate 20 mL of the solution leached from the ceramic ware to dryness, add 2 mL of 6 M hydrochloric acid and evaporate it again. After dissolving the residue with 0.1 M nitric acid, dilute with ultrapure water to 10 mL. The metal leached is measured using an atomic absorption spectrometer. However, the procedure is time-consuming and tedious. Accordingly, we proposed a highly sensitive and selective analytical method with Auto-Pret-GFAAS system for preconcentration and direct Table 5 . Cadmium in the extracts was 0.820 -1.38 ng L -1 and lead was 0.307 -2.26 μg L -1 by the proposed method. The recovery values for cadmium and lead were 93.9 -105%.
Conclusions
The SI-based SPE system coupled with GFAAS (Auto-Pret-GFAAS system) for trace cadmium and lead was developed and its operating parameters were optimized. All operations including preconcentration and detection were carried out automatically by home-made software.
The sensitivity and selectivity of the proposed method are comparable to those of ICP-MS. This method was applied to the determination of cadmium and lead in tap water and in the leached solutions from ceramic ware using 4% acetic acid. It is possible to determine cadmium at ng L -1 and lead at μg L -1 level by the proposed method. 
